An IS-95 based mobile communication system is simulated and its performance characteristics in multipath fading environment is presented in this paper [l]. A new software simulation methodology to implement the system using the dynamic system simulation environment, SIMULINKB in MATLAB0 is also developed. The system consists of forward and reverse CDMA channel structures in the forward link (base station to mobile station) and reverse link (mobile station to base station) respectively. A three-stage measurement based multipath channel model consisting of path loss, lognormal fading and Rayleigh fading components is implemented. Channel impulse response measurements, also described as power delay profiles, of F W signals in the range of 800-900 MHz in multipath channels are used to estimate the structure of an optimum noncoherent combining RAKE receiver. This receiver shows considerable performance improvement over a four-way combining RAKE receiver.
I. INTRODUCTION
Mobile communication systems provide access to the capabilities of the global network at any time, irrespective of the location or mobility of the user. CDMA direct sequence spread spectrum (DSSS) technique, incorporated into an IS-95 based system [ 11, can accommodate a large number of users in one radio channel depending on the voice activity level [2] . This feature also provides immunity to jamming signals and enables resolution of multipath components in a timedispersive radio propagation channel [3] .
Multipath fading is the major cause of communication impairments in a microwave radio link [4] . It is caused by multipath reflections of a transmitted wave by local scatterers such as buildings and forests surrounding the mobile station. When a direct wave is present in the fading signal along with the reflected waves, the channel is described as a Rician fading channel, otherwise it is called a Rayleigh fading channel. Since CDMA DSSS technique has been very recently applied to cellular communications, performance of such systems under severe multipath conditions needs to be evaluated. Power delay profiles in various mobile radio propagation channels are used to obtain measurement-based channel models for urban, suburban, indoor and open area environments. Statistics of the path loss characteristics are then used to estimate the number of taps and tap gains. These are then used in an optimum combining RAKE receiver structure for signal detection.
In digital communication systems, the relevant measure of performance, in terms of its error-producing behavior, is the bit-error-rate (BER) versus signal-to-noise ratio (SNR) characteristic. Accurate prediction of this performance curve enables the determination of acceptable modulation methods, coding techniques and receiver implementations in operating environments. While hardware prototyping is an accurate and credible method, it is also time consuming and expensive. Hence a simulation-based approach to performance evaluation is adopted here which provides efficient system modeling using mathematical models and measured characteristics.
The simulated IS-95 based system model is described in the following section. The three-stage measurement-based multipath channel model is also described in this section. Performance comparison of ihe simulated system with regard to bit error rate (BER) for four-way and optimum combining RAKE receivers is presented in section I11 describing the simulation results. Conclusions derived from this research are described in section IV.
II. SYSTEM MODEL
A communication system biased on the IS-95 standard is developed from a software-representable description of the system. Each block is described using signal-processing operations from which the implementation methodologies are derived.
Forward CDMA Channel Structure
The forward CDMA channel structure consists of the following blocks:
2.1.1 Code Channel Data Generator: Pilot, sync, paging and forward traffic channels comprise the forward CDMA channel structure. Input information bits in these channels are in the form of digital signals containing embedded digital sequences. Such a digital signal can be represented as:
where Ak is a digital sequence, Tb is the: bit period, D is a random delay and p(t) is a suitable pulse waveform. A general subblock to implement (1) is developed1 using the random number block in SIMULINK, which is a pseudo-random number generator. The pulse waveform and delay are incorporated into the subblock. The user interface to this subsystem has controls for specifying the data rate, random delay and seed for the random number generator. 2.1.2 Convolutional Encoder: Sync, paging and forward traffk channel data are convolutionally encoded prior to transmission. The convolutional code of rate 112 and constraint length 9 is generated using code generator functions, 753 (octal) for go and 561 (octal) for gl (see Figure   1 ). The code symbols are output such that code symbol.co encoded with generator function go is output first and code symbol c1 encoded with generator function gl is output last. The convolutional code is generated by passing the information sequence from the data generator through a linear shift register made up of unit delays. Modulo-2 adders are implemented using XOR gates and the csutputs of go and gl multiplexed to form the output sequence of code symbols at twice the input data rate. 2.1.4 Long Code Generator: Prior to transmission, the paging and forward traffic channels are direct sequence spread by the long code with a period of 242 -1 cihips. The long code satisfies the linear recursion specified by the characteristic polynomial given in the standard. The code is generated by the modulo-2 inner product of a 42-bit mask and the 42-bit state vector of the sequence generator. A 42-bit random repeating sequence is used for the mask.
2.1.5 PN Sequence Generators: Following orthogonal spreading, each codle channel is spread in quadrature. The spreading sequence is of length 215 and is also called the pilot PN sequence. The maximum length linear feedback shift register sequences i(n) and q(n) are based on the polynomials of length 215-1 given1 in the standard [l] . Unit delays are used for shift registers and XOR gates for modulo-2 adders and the sequences are generated. The I and Q pilot PN sequences are obtained by inserting a '0 in i(n) and q(n) after 14 consecutive '0 inputs (this occurs once every period). This is achieved using a repeating sequence block that inserts a zero appropriately.
2.1.6 QPSK Modulator: The quadrature spread I and Q channel sequences phase-shift modulate in-phase and quadrature phase carriers in a pseudo-random fashion. This is called Direct Sequence Spread Spectrum Modulation. All the four code channels are QPSK modulated after phase mapping The reverse CDMA channel structure is composed of access channels and reverse traffic channels that form the code channels. 2.2.1 Convolutional Encoder: Access and reverse traffic channels undergo convolutional encoding prior to transmission. The convolutional code of rate 1/3 and constraint length 9 is generated using the encoder with generator functions -557 (octal) for go, 663 (octal) for gl and 71 1 (octal) for g2, Three code symbols are generated for each data bit. These code symbols are output such that code symbol CO encoded with generator function go is output first, c1 encoded with generator function gl is output second and code symbol czencoded with generator function g2 is output last. The convolutional code generator is implemented as in the forward channel. Other code generators required on the reverse channel are derived from those developed for the forward channel.
OQPSK Modulator:
The quadrature spread I and Q channel sequences phase-shift modulate in-phase and quadrature phase carriers in a pseudo-random fashion. The data spread by the Q pilot PN sequence is delayed by half a PN chip time with respect to the data spread by the I pilot PN sequence before modulation. Access and reverse traffic channels are Offset QPSK modulated after phase mapping of the I and delayed Q channel sequences. SIMULINK implementation of the modulator is as described for QPSK modulator but with an additional delay providing the offset.
Receiver Structure
The receiver performs demodulation process comprising of complimentary operations to the modulation process and uses a diversity RAKE correlator The subsystems forming the receiver are:
2.3.1 Integrator and Sampler: The Integrator and Sampler block performs integration of the input waveform over one chip period and outputs this value at the end of the chip period. The integrator is reset after every chip period, T,. This is implemented using the Integrator, Sample and Hold blocks in SIMULINK.
RF Demodulators: QPSK and OQPSK
demodulation can be carried out using local carrier references. For simulation purposes, perfect carrier recovery and time synchronization are assumed. The local references are implemented using the Sine blocks in SIMULINK and the integrate and sample operations are implemented using the Integrator and Sampler subsystem described above.
RAKE Receiver:
The problem of digital signaling over frequency-selective channel can be modeled as a tapped delay line with statistically independent time-variant tap weights cn(t). This model provides L replicas of the same transmitted signal at the receiver. A receiver that processes the received signal in an optimum manner will achieve the performance of an equivalent L-th order diversity communications system. This is comparable to a multipath channel. Hence, a tapped delay line receiver that attempts to collect the signal energy from all the received signal paths that fall within the span of the delay line and carry the same information is an optimum receiver for processing wideband signals that suffer from multipath fading effects [3] .
The RAKE receiver is implemented using the Transport Delay blocks for the delays and Gain blocks for the tap gains in SIMULINK as shown in Figure 3 . The taps on the RAKE receiver are synchronized to the detected paths in the received signal using the Delay blocks. The decision variable is obtained from the noncoherent combination of the matched filter (integrator and sampler) outputs. This is achieved by delaying these outputs and synchronizing them at a time equal that the envelope of the mobile radio signal is Rayleigh distributed when measured over distances of a few tens of wavelengths where the mean signal is sensibly constant. The phases of the waves are uniformly distributed from 0 to 2%. The amplitudes and phases are assumed to be statistically independent. When the direct wave and the reflected waves form the received signal, the fading signal has a Rician pdf. 2.4.4 Simulated Multipath Channel Model: Experimental evidences described above provide a three-stage model for mobile radio propagation channels -a propagation path loss component, lognormal variations of the local mean with superimposed fast fading that follows a Rayleigh distribution. Since Rayleigh fading is caused by the combined effect of time delayed components of the radio signal reaching the receiver, a discrete model based on the channel impulse response is used.
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III. SIMULATION RESULTS
?
BER Estimation -Monte Carlo Simulation
Monte Carlo simulation is a sequence of Bernoulli trials where the number of 'successes' (errors) are divided by the number of trials. Since the source output is known, it is compared with a delayed version of the decision device: output to obtain an empirical basis for the error rate.
SNR Estimation
The standard measure of performance for a noisy signal is its signal-to-noise ratio ( S N R ) . Assuming that output of the decision block after the RAKE receiver is a signal corrupted by additive noise, the S N R estimate is given by
p=s, / E
where so is a pulse waveform with amplitude 1 and is the time average of the square of difference in the source and output digital waveforms.
Receiver Characteristics
The fading effects of the multipath charinel was modified to provide a sophisticated method for obtaining diversity. This was possible due to the wideband nature of the DSSS signal.
The optimum receiver that follows this description is called a RAKE correlator [3] . A four-way RAKE receiver to demodulate the four strongest multipath components received on two diversity antennas was used for prototype validation. In this configuration, the decision output fromk each of the active demodulators is fed to an external rmcroprocessor. The microprocessor combines the individual demodulator decisions, weighting each one by the relative strength of the respective multipath component and generates a single stream of soft-decision inputs to the Viterbi decoder. But this type of diversity combining is sub-optimal since an independent decision on the transmitted orthogonal symbol is being made by each individual demodulator. Hence an optimum combining diversity receiver was developed where the number of taps are equal to the number of paths in the power delay profile and the tap gains were estimated from the strength of the signal component along the corresponding path. The obtained performance characteristics are shown in Figure 4 .
Optimum combining RAKE receiver shows a 2.5 dB improvement in the required SNR for a BER of 
N. CONCLUSIONS
A software simulation technique to implement an IS-95 standard based CDMA spread spectrum communication system was developed. Major subsystems (encoders, modulators, demodulators) required to estimate the performance of the system in a mobile cellular environment were simulated and tested. A multipath channel model consisting of Lognormal and Rayleigh fading simulators and a path loss component was implemented. The performance of the system with regard to BER was determined and compared with that of four-way combining RAKE receivers. The optimum combining RAKE receiver provides 2.5dB improvement in S N R for a BER of and proves highly efficient in urban and indoor environments.
